the clouds often contain solid particles, which are most likely composed of nitric acid hydrates. However, laboratory experiments indicate that such hydrate particles are not easily formed under Arctic synoptic scale conditions, suggesting that solid PSC particles should be rather rare. Here we show results from a model study indicating that mountain-induced mesoscale temperature perturbations may be an important source of nitric acid hydrate particles in the Arctic. Multiple Arctic vortex trajectories were combined with a global mountain wave forecast model to calculate the potential for solid particle formation during December and January 1994/1995. The mountain wave model was used to calculate adiabatic cooling over several thousand ridge elements. Nitric acid hydrate particles were assumed to form in the mountain waves according to several microphysical mechanisms, and were then advected using polar vortex-filling synoptic trajectories to generate maps of solid particle occurrence. The calculations show that mountain waves may be a significant source of PSCs containing solid particles that are observed on the synoptic scale. In particular, the east coast of Greenland, the Norwegian mountains, and the Urals are found to be solid particle sources, with the PSCs often predicted to survive several thousand kilometers downstream.
Introduction
Polar stratospheric clouds (PSCs) are frequently observed at temperatures above the ice frost point in the Arctic and are composed largely of condensed HNOa in various forms. Formation of liquid type 1 PSCs due to HNOa uptake by sulfuric acid-water aerosols to form large HNOa-H2SO4-H20 droplets is now well temperatures are low enough for the initial formation of ice. This is a strong constraint in view of recent work which suggests that liquid stratospheric aerosols can be supercooled by as much as 3 K below the ice frost point [Koop et al., 1998 ] or even 4 K [Carslaw et al., 1998a] . This would imply temperatures as low as 184-185 K on the 50 mbar pressure level in order to initiate the ice formation required for NAIl particle nucleation. Ice-mediated NAIl particle formation may be the dominant source of solid type 1 NAIl-containing PSCs in the cold Antarctic stratosphere where ice PSCs occur frequently. However, large-scale ice occurrence is much less common in the Arctic stratosphere due to the higher temperatures, so an ice particle mediated NAIl formation mechanism operating on the synoptic scale is unlikely to explain the large number of observations of PSCs containing solid particles in the Arctic. Indeed, many Arctic observations provide an indication for solid type 1 PSCs in air parcels that have remained above the ice frost point on the synoptic scale for several days [Larsen et al., 1997] . However, as we show in this paper, mesoscale cooling events caused by mountaininduced gravity waves could increase the likelihood of NAH formation due to ice clouds. 
Scenario 2
Nitric acid hydrate particle nucleation might occur in non-equilibrium IlNOa-II2SO4-H20 droplets in mountain waves, without ice formation (see Figure 1 ). This mechanism has been shown to operate in principle, based on model simulations and laboratory data [Tsias et al., 1997 ], but there is as yet no observational evidence to confirm that solid PSC particles are generated in the stratosphere by this mechanism. A reliable simulation of NAIl particle formation on the global scale via this mechanism is difficult since the heating and cooling rates required [Tsias et al., 1997] are extreme and therefore not easily parameterized for global application.
1.3.
Scenario 3 Tabazadeh et al. [1995] and Tabazadeh and Toon [1996] suggested that nucleation of solid HNO3/H20 phases might occur in air parcels that have spent sufficiently long below the nitric acid trihydrate (NAT) equilibrium temperature. They analyzed total aerosol volumes in a restricted aerosol size band as measured on board the ER-2 aircraft, and by assuming the particles were in thermodynamic equilibrium showed that the observations were inconsistent with NAT. They therefore postulated the existence of a new phase with a higher H•O to HNO3 ratio than either NAT or HNOa-H•SO4-H20 droplets, so called type lc PSCs. An analysis of ß the measured particle size distributions underlying the integrated particle volumes [Peter, 1997] suggests an alternative explanation in terms of well established solid phases. Nevertheless, as already stated, the origin of these solids remains unclear.
1.4.
Scenario 4 Zhang at al. [1996] have suggested that nitric acid hydrates may form on frozen sulfuric acid aerosols (sulfuric acid tetrahydrate (SAT)) after their surfaces have become activated by an initial deposition of NAT (see Figure 1) . The supersaturation required for NAT nucleation on preactivated SAT particles corresponds to about a 2-3 K cooling below the NAT equilibrium temperature. Such a preactivation mechanism was shown to operate efficiently in the laboratory and may indeed operate in the stratosphere.
1.5.
Scenario 5 Koop and Carslaw [1996] have shown that SAT particles can deliquesce to form HNO3-H2SOq-H20 droplets upon cooling to temperatures a few K above the ice frost point (typically 3-4 K below the NAT equilibrium temperature, see Figure 1 ). 
Method of Calculation
We calculate the frequency with which mountain waves are encountered by air parcels confined within the Arctic polar vortex. The flow of air parcels was calculated using 500 vortex-filling trajectories on three different potential temperature levels. By coupling this information with several realistic NAH particle formation mechanisms we assess the potential for mountain waves to generate solid PSC particles.
Mountain Wave Activity
Calculation of mountain wave cooling over such a large geographical area and for a whole winter first requires a reliable parameterization of stratospheric mountain wave activity. We use the orographic gravity wave parameterization of Bacmaistar et al. [1994] . This is based on a global database of dominant topographic "ridge" features, which contains estimates of ridge height, width, and orientation. Synoptic analyses of wind and temperature at standard pressure levels between the ground and 10 mbar are then used to determine air flow over these ridge features, and subsequent generation of mountain waves. Here we use the National Center for Environmental Prediction (NCEP) analyses at 50 x 20 resolution. A two-dimensional (2-D) hydrostatic gravity wave model is used in conjunction with the NCEP winds and temperatures to simulate the subsequent amplification, dissipation, and/or critical-level filtering of these waves as they propagate away from the ridge to higher regions of the atmosphere.
Advection of air by hydrostatic gravity waves is isentropic to a good approximation, so that air parcel tem- for cooling values upstream of the ridge (x < x0), where x is the downstream distance from the "ridge line" in the orthogonal or "cross-ridge" direction, and w is the cross-ridge width. This Gaussian influence function represents a simplified but plausible wave amplitude envelope above a 2D ridge, with more energy found downstream of the ridge than upstream, as suggested by case studies. The temperature change is assumed to be zero in extension of the ridge axis.
surfaces, chosen to be confined within the Arctic polar vortex between December 1, 1994 and January 31, 1995. Trajectories were calculated from NCEP analyses with a I hour time step. The air parcels remained evenly distributed within the vortex during this period, thus providing a reliable statistical view of the flow over mountain waves on a given potential temperature surface. This technique correctly describes the rate of airflow through individual mountain waves on a given potential temperature level as well as correctly describing the lifetime of solid particles in air parcels that undergo synoptic cooling and heating cycles as they circle the pole. We have used isentropic trajectories so that the PSC formation resulting from mountain waves can be conveniently identified with a given potential temperature surface. Clearly, the ai• flow is actually diabatic during the 2 month period being considered, with the air sinking perhaps as much as 4 or 5 km between December I and January 31. However, the assumption of isentropic flow need only be valid for the short time that nitric acid hydrate particles exist in an air parcel, which, due to periodic warming over the Alaskan sector of the polar vortex, is typically less than 2-3 days in the Arctic. The 60-day trajectories can therefore be considered equivalent to a sequence of many shorter quasi-isentropic trajectories. We have also compared the results obtained with these isentropic trajectories with similar calculations that take account of diabatic motion. The results confirmed the validity of assuming short-term quasi-isentropic flow.
The mountain wave database was searched for coincidences at every 1-hour trajectory step and for every trajectory. A coincidence occurs where a straight line connecting the current and previous trajectory locations cuts the influence region of one or more waves. Where two or more waves overlapped, the greater of the two peak temperature changes (ATm•x) was taken. The peak temperature change was linearly interpolated between pressure levels to obtain ATm•x for the pressure level of the trajectory. The minimum air parcel temperature between two trajectory points was determined along a straight line cutting the mountain wave influence region. The formation of nitric acid trihydrate (NAT) by various mechanisms was then examined at this minimum temperature. We have made similar calculations with as few as 100 trajectories, with very similar results. This suggests that the chosen 500 trajectories provide a good statistical representation of solid particle formation in mesoscale cooling events.
Vortex-Filling Trajectories
The technique of using multiple trajectories that fill a region of the atmosphere (domain filling) provides an ideal means of assessing PSC formation by small ridge elements. We have used 500 isentropic 60-day trajectories on the 400, 475, and 550 K potential temperature According to scenario 1, ice was assumed to nucleate in liquid droplets 4 K below the ice frost point (Tfrost -4 K) allowing NAT to form heterogeneously.
The remaining small amount of H2SO4 and H20 in each frozen particle was assumed to remain liquid, leading to the release of NAT particles internally mixed with H2SOq/H20 upon ice evaporation. Such particles would be composed principally of NAT and would appear in lidar observations as solid particles due to their depolarization of the return signal. Upon further warming above the NAT equilibrium temperature, pure liquid droplets are released, thus resetting the particle phase to the initial conditions. Note that we do not say anything about the number density of NAT particles in a given air parcel, but only whether the air parcel contains such particles or not. In fact, number densities of NAT particles exiting mountain waves are known to be quite low [Carslaw et al., 1998a] . We also do not say anything about the [Koop et al., 1998 ], a somewhat greater supercooling than suggested by Bertram et al. [1996] . We therefore consider our assumed 4 K supercooling to be an upper limit to the supercooling requirement. In the sensitivity calculations we explore the effect of changing this quantity.
According to scenarios 4 and 5, SAT particles can serve as sites for NAT nucleation at temperatures a few K above the ice frost point. To simulate these mechanisms, we assume that ice formation in the mountain waves leads to complete crystallization of the remaining liquid HNOa-H2SOq-H20 to form NAT and SAT (see Figure 1) . Subsequent warming then releases NAT/SAT mixed particles above Tfrost and pure SAT particles above TN^T. These SAT particles can then support NAT formation according to either scenario 4 or 5. Scenario 4 was simulated by allowing NAT to form at a supersaturation of 10 (approximately 3 K below TN^T). In scenario 5, NAT forms upon cooling below the SAT deliquescence point, which is typically 3-4 K below TN^T (the SAT deliquescence temperature was calculated in terms of the HNO• and H20 partial pressures using the thermodynamic model of Carslaw et al. [1995] ). The effect of these mechanisms is to amplify the NAT production due to mountain waves alone; SAT particles that are released from mountain waves and suffer a further cooling cycle can serve as sites for NAT nucleation at several degrees higher temperature than would otherwise be required if only mechanism 1 operated. These "additional" NAT particles may form either on the synoptic scale when temperatures fall sufficiently low or in mountain waves that are too warm to support ice nucleation.
Air parcels containing NAT particles were advected downstream by the domain-filling trajectories and were assumed to persist in the air parcel until temperatures rose above TN^T, at which point NAT was assumed to evaporate immediately. Some mountain waves are sufficiently vigorous that ice and NAT particles may form in the wave although synoptic temperatures are higher than the NAT equilibrium temperature. No production of persistent synoptic scale NAT occurs in such cases, although these waves may still contribute to chlorine activation in the air parcel [Carslaw et al., 1998b] . Particularly important in terms of being able to attribute NAT formation in the stratosphere to a particular mechanism is that in many of the air parcels NAT formation upon SAT deliquescence occurred several weeks after the initial mountain wave event. Attributing a given solid-particle PSC observation to mountain waves might therefore prove very difficult if this SATdeliquescence mechanism operates. Such NAT PSCs may also be more uniform in structure than those derived directly from mountain waves due to the atmospheric mixing that occurs during the few weeks.
An alternative to the SAT deliquescence mechanism is the preactivation mechanism of Zhang et al. [1996] (scenario 4). In their mechanism, NAT can form on SAT at a supersaturation with respect to NAT, StY^T, of ~10. This corresponds to a temperature of about 2-3 K below the NAT equilibrium temperature, Tr•^T, under normal stratospheric conditions. Formation of NAT by this process is therefore likely to occur more often than by the SAT deliquescence mechanism, which requires that temperatures fall about 4 K below Tr•^q•. Whether NAT formation due to SAT preactivation or SAT deliquescence operates in the stratosphere is not certain. A sensitivity test in which NAT formed via the preactivation mechanism led to calculated NAT amounts generally about 30% higher than predicted by assuming NAT formation upon SAT deliquescence (20% NAT coverage of the vortex compared with 15%).
Sensitivity Tests
There are several factors that may change the production of solid particles initiated by mountain waves. We show how these might affect the foregoing calculations for the 475 K level also in Figure 2a We have also highlighted that the fraction of the polar vortex containing mountain wave-generated NAT par- Larsen et al. [1997] have performed the most complete statistical analysis of the synoptic conditions under which PSCs are likely to be observed in the solid or liquid phaseø Their investigation, based on 30 balloonsonde flights over 4 years from seven ground stations in the Arctic, reveals that the likelihood of solid and liquid PSCs depends very much on the synoptic conditions prior to the observation. In particular, the occurrence of PSCs containing solid particles was shown to be more likely in air parcels that had spent a considerable time below the NAT equilibrium temperature, while liquid aerosols occur most frequently in air parcels that have cooled recently. Our proposed mechanism, in terms of mountain wave NAT activation, is qualitatively consistent with these statistics; the more time air spends at low temperatures the greater is the probability that a mountain wave will force the temperature low enough to induce ice formation and hence solidification of the HNOa-H2SO4-H20 solutions. The likelihood of NAT activation upon SAT deliquescence is also greater at lower temperatures since the deliquescence temperature is about 3-5 K below the NAT equilibrium temperature.
Future work should extend the study presented here to include a quantitative comparison with PSC observations. Such a study should aim to establish, as far as possible, the number of solid particle-containing PSC observations that can be explained by mountain wave processes. One approach would be to compile a lidar climatology, with PSCs being classified according to a threshold value of depolarization.
